The aim of this study was to determine renal outcomes after left ventricular assist device (LVAD) implantation.
Background
Renal dysfunction before LVAD placement is frequent, and it is unclear whether it is due to primary renal disease or to poor perfusion.
Methods
A retrospective single-center analysis was conducted in 83 consecutive patients implanted with HeartMate II continuous-flow LVADs (Thoratec Corp., Pleasanton, California). Calculated glomerular filtration rate (GFR) was assessed on admission and 1, 3, and 6 months after implantation. To define predictors for improvement in GFR, clinical variables were examined in patients with decreased renal function (GFR Ͻ60 ml/min/1.73 m 2 ) before LVAD, surviving and dialysis-free at 1 month (n ϭ 44).
Results
GFR significantly increased from admission (53.2 Ϯ 21.4 ml/min/1.73 m 2 ) to 1 month after LVAD implantation (87.4 Ϯ 27.9 ml/min/1.73 m 2 ) (p Ͻ 0.0001). Subsequently, at 3 and 6 months, GFR remained significantly (p Ͻ 0.0001) above pre-LVAD values. Of the 51 patients with GFRs Ͻ60 ml/min/1.73 m 2 before LVAD surviving at 1 month, 34 (67%) improved to GFRs Ͼ60 ml/min/1.73 m 2 . Univariate pre-operative predictors for improvement in renal function at 1 month included younger age (p ϭ 0.049), GFR improvement with optimal medical therapy (p Ͻ 0.001), intra-aortic balloon pump use (p ϭ 0.004), kidney length above 10 cm (p ϭ 0.023), no treatment with angiotensin-converting enzyme inhibitors or angiotensin receptor blockers (p ϭ 0.029), higher bilirubin (p ϭ 0.002), higher Lietz-Miller score (p ϭ 0.019), and atrial fibrillation (p ϭ 0.007). Multivariate analysis indicated pre-operative improved GFR (slope ϭ 0.5 U per unit improved; 95% confidence interval: 0.2 to 0.8; p ϭ 0.003), atrial fibrillation (slope ϭ 27; 95% confidence interval: 8 to 46; p ϭ 0.006), and intra-aortic balloon pump use (slope ϭ 14; 95% confidence interval: 2 to 26; p ϭ 0.02) as independent predictors.
Conclusions
In most patients with end-stage heart failure considered for LVAD implantation, renal dysfunction is reversible and likely related to poor renal perfusion. Renal dysfunction (RD) is frequent in patients with chronic congestive heart failure (1). Moderate to severe RD, defined by a glomerular filtration rate (GFR) Ͻ60 ml/min/1.73 m 2 , has been documented in up to 45% of patients with ambulatory heart failure (2) and in 64% of patients hospitalized for decompensated heart failure (3). Compared with patients with heart failure without RD, these patients experience higher morbidity and mortality (4) . The optimal management of these patients is unclear, because they have been generally excluded from the major trials of congestive heart failure (5-7).
The question of renal function is especially important in those patients with end-stage heart failure who are considered for advanced therapy such as left ventricular assist device (LVAD) placement or heart transplantation. Cardiac transplant recipients have an increased risk for renal impairment after transplantation (8) , which is higher than for other forms of cardiac surgery (9) . Subsequently, there is continuous risk related to calcineurin-inhibitor immunosuppressive medication, which also results in a progressive decline in renal function. Indeed, the preferred strategy at many cardiac transplantation centers for the treatment of heart transplantation candidates with significant RD is to consider heart-kidney transplantation.
LVADs are increasingly implanted in patients with endstage heart failure as a bridge to transplantation (BTT) or as destination treatment (DT) and have dramatically improved both survival and morbidity (10, 11) . The newer axial-flow and centrifugal-flow devices have the advantage of better durability and smaller size and, therefore, have largely replaced older pulsatile devices for both BTT and DT. Therefore, many patients with heart failure with RD are considered for LVAD implantation. However, whether LVAD implantation improves or worsens renal function is unclear and has not been specifically addressed by the major multicenter LVAD trials (12) (13) (14) .
The presence of pre-existing RD increases the risk after general cardiac surgery (15) as well as after LVAD implantation (16) . Renal function may also deteriorate acutely after cardiac surgery, and post-surgical acute RD has been identified in up to 45% of LVAD recipients. Surgical risk factors including prolonged bypass time, increased intra-operative blood loss, post-operative need for venovenous hemodialysis, and reoperation were identified as negative predictors of poor outcomes (17, 18) . Acute renal failure (ARF) after LVAD implantation has been identified as a negative predictor of outcomes (10, 18, 19) . Another consideration is whether the presence of a low pulsatility circulation, a result of a continuous-flow device, might cause chronic deterioration of renal function. Therefore, severe RD (need for hemodialysis or serum creatinine Ͼ2.5 to 3 mg/dl deemed irreversible) is considered a significant comorbidity and a relative contraindication for LVAD implantation (20, 21) . However, it is also possible that improved cardiac output and hemodynamic status with reduction in venous pressure may improve renal function. A recent study demonstrated that 65.3% of patients with RD (GFR Ͻ60 ml/min/1.73 m 2 ) actually had improved renal function by 1 month after LVAD implantation, to GFR Ͼ60 ml/min/1.73 m 2 . This improvement was associated with improved survival. The absence of diabetes was the only significant predictor identified for renal recovery (16) .
Therefore, the aim of this study was to evaluate the effects of LVAD support on renal function in our cohort of BTT and DT patients implanted with continuous-flow HeartMate II devices (Thoratec Corporation, Pleasanton, California) and to identify pre-operative predictors for improved renal function within this population. (22) . The equation has previously been validated in the general, heart failure, (23, 24) and heart transplantation (8) populations. Previous studies in the LVAD population have used both the Cockcroft-Gault (25) and the Modification of Diet in Renal Disease equations (16) .
Methods

Patients
Renal function was assessed at admission for LVAD implantation (determined as baseline renal function), the morning before LVAD implantation, and 1 month (range 14 to 46 days), 3 months (range 56 to 120 days), and 6 months (range 150 to 240 days) after implantation during routine follow-up visits. Stages of RD were determined according to calculated GFR in accordance with established guidelines. A GFR cutoff of Ͼ60 ml/min/1.73 m 2 was used to differentiate mild or normal renal function from more severe RD (26) . Data were considered missing if a patient died or underwent transplantation (for GFR after death date or transplantation date) and if no creatinine measurement was available. Patients requiring hemodialysis were considered in stage 5 (GFR Ͻ15 ml/min/1.73 m 2 ). Because the actual GFRs in these patients were undetermined, they were considered missing for analysis requiring numerical GFR measurement. Predictors of RD improvement. Possible pre-operative predictors affecting renal function after LVAD implantation for patients with available GFRs at 1 month (n ϭ 72) were derived from patient files and electronic data. Special attention was given to patients with baseline GFRs Ͻ60 ml/min/1.73 m 2 for whom GFRs were available at 1 month (n ϭ 44), because there is often uncertainty regarding the recoverability of renal function in these patients going into LVAD implantation. Therefore, it would be helpful to know which factors predict whether renal function is likely to recover. Statistical analysis. Data were collected into a JMP file and analyzed using SAS version 9.2 (SAS Institute Inc., Cary, North Carolina) for association with renal function independently by a coauthor of this report (Z.L.). Descriptive statistics for categorical variables are reported as frequencies and percentages, while continuous variables are Hasin et al. December 27, 2011 /January 3, 2012 Renal Function After LVAD Implantation reported as mean Ϯ SD or as median (range) as appropriate. Change of GFR from 1 time point to another was tested using paired t tests or Wilcoxon signed rank tests. The Bonferroni method was used to assess the significance of multiple comparisons. Linear regression models were used to find the univariate and multivariate predictors of change in GFR at 1 month. GFR was evaluated as a continuous variable, as previously described (27) . The multivariate model considered pre-operative univariately significant variables (p Ͻ 0.05), excluding variables with more than 20% missing values. We used model selection using the stepwise backward and forward selection. All statistical tests were 2-sided, with the alpha level set at 0.05 for statistical significance.
Results
Patient characteristics.
Baseline characteristics for the 83 LVAD patients are shown in Table 1 . The mean age was 63 Ϯ 12 years, and the majority of patients were men (82%). The majority of LVADs (70%) were implanted as DT, and about half of the patients had ischemic etiology. The main reason for DT in these patients was older age (median 70 vs. 55 years for patients bridged to transplantation, p Ͻ 0.0001) as well as the presence of other comorbidities. About one-half of the patients had chronic RD. Table 1 also shows the baseline characteristics for the subset of 54 LVAD patients with GFRs on admission Ͻ60 ml/min/1.73 m 2 in whom predictors of improvement in renal function were subsequently evaluated. This cohort had a mean admission GFR of 40 Ϯ 12 ml/min/1.73 m 2 . Compared with patients with preserved renal function (GFR Ն60 ml/min/1.73 m 2 ), those with low baseline GFRs were significantly older, with more chronic kidney disease and longer pre-operative hospital stays. These patients also had more right ventricular dysfunction and higher wedge pressures. Renal function after LVAD implantation. GFR over the follow-up time period is shown in Figure 1A . GFR measurements at 1 month were available for 72 patients (87%) and at 6 months were available for 57 patients (69%). At 6 months, 12 patients had died, 6 patients had undergone transplantation, 5 patients had no follow-up creatinine measurements, and 3 patients were alive on chronic dialysis. Overall GFR significantly improved 1 month after LVAD implantation (from 53.2 Ϯ 21.4 to 87.4 Ϯ 27.9 ml/min/1.73 m 2 , p Ͻ 0.0001). Thereafter, GFR partially declined at 3 months in 41 of 66 patients with GFR estimates at both time points (77.6 Ϯ 22.8 ml/min/1.73 m 2 , p ϭ 0.0001, compared to 1 month). Between 3 and 6 months, GFR further declined in 36 of 55 patients with available GFR estimates (71.2 Ϯ 21.0 ml/min/1.73 m 2 , p ϭ 0.0032, compared to 3 months). Only 6 patients had continuous GFR improvements without any decline over the study period (67 had some decline or no recovery of RD, and data were missing for 10 patients). Overall, GFR remained significantly higher at 6 months compared to pre-operative GFR (p Ͻ 0.0001). Figure 1B shows the changes in GFR over time for the subsets of patients with pre-operative RD (GFR Ͻ60 ml/min/1.73 m 2 ) and preserved renal function (GFR Ն60 ml/min/1.73 m 2 ). Overall, both subsets followed the same pattern of change in GFR as the entire cohort. The subset with pre-operative RD had a significant increase at 1 month (p Ͻ 0.0001), a partial decline (1 to 3 months, p ϭ 0.0059; 3 to 6 months, p ϭ 0.0258), and overall improvement over 6 months (p Ͻ 0.0001). The distribution of the stages of RD before and during follow-up after LVAD implantation is illustrated in Figure 2A . Consistent with the findings in Figure 1 , an improved stage distribution was noted after LVAD implantation. Similar trends were noted for the large subset of patients in stage 3 before implantation, as illustrated in Figure 2B . Indeed, for patients with available renal staging at 1 month, 57 patients (72%) improved their RD stages or remained at stage 1. Fourteen patients (18%) remained in their pre-operative renal stages (10 in stage 2, 4 in stage 3), and 8 (10%) deteriorated (2 from stage 4 to 5, 5 from stage 3 to 5, and 1 from stage 2 to 3). Renal failure after LVAD implantation. Eight patients (10%) developed ARF after LVAD implantation necessitating acute hemodialysis. Of these, 2 died in the early post-operative period, and 2 recovered renal function. Four patients (5%) continued with chronic hemodialysis. The clinical characteristics and post-operative courses of these patients are summarized in Tables 2 to 4 . Predisposing comorbidities included severe RD necessitating acute dialysis before transplantation (Patients #1, #5, and #7), prior renal transplantation with severe RD for Fabry disease (Patient #2), multiple comorbidities (Patients #3 and #6), and insulin-dependent diabetes mellitus (Patients #4 and #8). Most patients (except Patient #8) had low GFRs before LVAD implantation. Patient #3 underwent emergent implantation for previous device (HeartMate XVE) failure. All patients had significant post-operative complications, including right ventricular dysfunction, infections, bleeding, and need for prolonged inotropic support. Renal function recovered in 2 patients. Four patients (Patients #2, #5, #6, and #8) died during the initial hospital stay after prolonged complicated courses. The 2 other patients survived longer (1.5 and 2.5 years) and died of nonrenal causes. Predictors of improved GFR 1 month after LVAD implantation. We used a univariate model for predicting an increase in GFR (as a continuous variable) for the 72 patients with available GFR measurements at 1 month. Significant positive predictors associated with GFR improvement were the use of an intra-aortic balloon pump (IABP) before surgery (slope ϭ 17, p ϭ 0.003), higher bilirubin (slope ϭ 12.1, p ϭ 0.002) alanine transaminase (slope ϭ 0.03, p ϭ 0.041), Lietz-Miller score (slope ϭ 1.5, p ϭ 0.003), and higher right atrial pressure (slope ϭ 0.97, p ϭ 0.048). An increase in GFR with optimal medical treatment before surgery was associated with further improvement 1 month after surgery (slope ϭ 0.6 per ml/min/1.73 m 2 , ACE ϭ angiotensin-converting enzyme; ARB ϭ angiotensin receptor blocker; BMI ϭ body mass index; BTT ϭ bridge to transplantation; BUN ϭ blood urea nitrogen; GFR ϭ glomerular filtration rate; IABP ϭ intra-aortic balloon pump; LVAD ϭ left ventricular assist device; NT-proBNP ϭ N-terminal pro-B-type natriuretic peptide; NYHA ϭ New York Heart Association; RIMP ϭ right index of myocardial performance; RV ϭ right ventricular; RVSWI ϭ right ventricular stroke work index; VO 2 max ϭ peak oxygen uptake. according to creatinine levels at admission for left ventricular assist device (LVAD) surgery, on the day of operation, and at the 1-, 3-, and 6-month scheduled visits for available patients (see text). Change of GFR between 2 time points was tested using paired t tests by using patients whose GFR data were available at both time points compared. *p Ͻ 0.007 represent significant differences between measurements by Bonferroni correction for multiple comparisons. To determine the predictors of improved GFR after LVAD implantation in patients with significant preoperative RD, we focused our analysis on patients with baseline GFRs Ͻ60 ml/min/1.73 m 2 (stages 3 to 5). For this subset of 54 patients, data were available at 1 month for 44 patients, as 3 died and 7 were on hemodialysis. Overall, GFR improved from 40 Ϯ 12 to 80 Ϯ 27 ml/min/1.73 m 2 , as shown in Figure 1B . For patients with available staging, 34 (67%) had improved GFRs (to Ͼ60 ml/min/1.73 m 2 ) at 1 month, and 17 (33%) did not. A univariate model for prediction of increase in GFR (as a continuous variable) is shown in Table 5 . Positive predictors associated with GFR improvement included atrial fibrillation at baseline, higher bilirubin and Lietz-Miller score, an increase in GFR (from 40 Ϯ 12 to 55 Ϯ 18 ml/min/1.73 m 2 ) with optimal medical treatment before surgery, the use of an IABP before surgery, higher LVAD pulsatility index at discharge, and pump speed setting in the higher range (Ͼ9,200 rpm). Negative predictors included older age, having at least 1 kidney smaller than 10 cm (on ultrasound before operation), and treatment with an angiotensin pathway inhibitor (angiotensin-converting enzyme inhibitor or angiotensin receptor blocker) before surgery. The multivariate model suggested that the increase in GFR with optimal treatment before surgery (slope ϭ 0.5 U per unit increase; 95% CI: 0.2 to 0.8; p ϭ 0.0028), atrial fibrillation at baseline (slope ϭ 27; 95% CI: 7.7 to 46.4; p ϭ 0.0062), and the use of an IABP (slope ϭ 13.9; 95% CI: 1.8 to 26.1; p ϭ 0.0244) were independent predictors.
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Discussion
The issue of RD after LVAD implantation is important for a number of reasons. First, the possible need for chronic dialysis after LVAD implantation may influence the decision about whether to proceed. Second, the question of reversibility of RD is important regarding the need for Demographic Characteristics of Patients Needing Chronic Dialysis After LVAD Implantation Demographic characteristics of patients who succumbed to chronic need for hemodialysis are summarized, including the LM score for post-LVAD prognosis and the dimension of the kidney as determined by ultrasound before implantation. AF ϭ atrial fibrillation; CABG ϭ coronary artery bypass grafting; CKD ϭ chronic kidney disease; CVVHD ϭ continuous venovenous hemodialysis; DM ϭ diabetes mellitus; DT ϭ destination therapy; HTN ϭ hypertension; IHD ϭ ischemic heart disease; LM ϭ Lietz-Miller; NA ϭ not available; NHL ϭ non-Hodgkin lymphoma; s/p ϭ status post; TVR ϭ tricuspid valve replacement; VT ϭ ventricular tachycardia; other abbreviations as in Table 1 .
Pre-Operative Clinical Characteristics of Patients Needing Chronic Dialysis After LVAD Implantation additional renal transplantation in addition to cardiac transplantation in BTT candidates. Therefore, it would be helpful to be able to predict whether renal function is likely to improve or worsen after axial-flow LVAD implantation. Our study cohort reflects the current trends in LVAD implantation as recently documented in the third Interagency Registry for Mechanically Assisted Circulatory Support report, with increasing proportions of DT implantations and continuous-flow devices (28) . In some respects, however, our cohort may represent a more chronically ill population, as it includes older patients and fewer BTT candidates (30% vs. 40%). Given that continuous-flow pumps currently account for more than 98% of adult primary LVAD implantations in the United States, our choice of pump is in keeping with national trends. The HeartMate II pump is currently the only device approved by the U.S. Food and Drug Administration for the rapidly expanding DT population, and therefore we felt that restricting our analysis to HeartMate II implantations was reasonable.
The major finding of this study is the dramatic improvement in renal function with LVAD support. The small but significant improvement in renal function before operative intervention can be attributed to improved hemodynamic management and consequent better renal perfusion. However, despite this initial improvement, we observed continued improvement after LVAD implantation, suggesting that medical and IABP intervention was not sufficient to restore optimal renal perfusion. Previous studies have focused on the occurrence of ARF early after LVAD implantation, with incidence as high as 32% or 45% (17, 18) and 16% in the Thoratec HeartMate II LVAS (Left Ventricular Assist System) for Destination Therapy study (14) . In the present study, the development of ARF was less frequent (10%). We agree with previous reports that the development of ARF may result from an unfavorable early post-operative course and early hemodynamic instability (17) The reversibility of RD in the cardiorenal syndrome is a major issue in patients being considered for heart transplantation. RD is the most common modifiable contraindication to heart transplantation in LVAD patients (28) . Indeed, in the face of progressive RD, heart transplantation may be deferred, or heart-kidney instead of heart transplantation alone may be considered. In a recent analysis, a cutoff GFR Ͻ33 ml/min/1.73 m 2 was suggested for this strategy, with 1-year results better than for heart transplantation alone (29) . Another report identified less post-transplantation RD in a small group of patients supported with LVADs as BTT compared with inotropic support (30) . Our findings suggest that LVAD support before heart transplantation may help differentiate between reversible and nonreversible kidney disease.
Another interesting observation is that although GFR generally improves with LVAD support, a gradual partial but significant decline was observed at 3 and at 6 months compared with 1 month after the operation. These findings are also consistent with previous reports (16) , and 1 explanation may be that the very low muscle mass after surgery may decrease creatinine levels and result in overestimation of GFR at 1 month. In our analysis, low pre-operative albumin as a marker for cachexia showed a trend for predicting higher GFR (lower creatinine). The progressive expected increase in muscle mass at 3 and 6 months may correct for that bias. Resuming treatment with angiotensin pathway inhibitors could influence the late decline in renal function. However, this did not come up as a significant predictor in our analysis (data not shown). Another explanation is that lack of pulsatile flow may result in gradual renal deterioration over time. Previous studies comparing non-pulsatile-flow and pulsatile-flow LVADs were not supportive of this suggestion (31) . In the present study, higher pump speed settings were associated with improved 1-month renal function. In contrast, a higher pump pulsatility index was also associated with improved GFR. Further study is needed to evaluate for long-term effects of axial-flow LVAD support on renal function as well as ways to facilitate optimal cardiac output, venous pressures, and arterial pulsatility with a continuous-flow pump. One of our major goals was to ascertain pre-operative predictors for improved renal function in patients with LVAD support. We focused our analysis on patients with pre-operative RD (grade 3 and below) who had the potential for improved renal function. Interestingly, our univariate analysis identified high bilirubin, atrial fibrillation, and partial reversibility of RD with optimal treatment before operation as well as the use of an IABP as positive predictors 
Continued in next column
Continued The table shows the results of a univariate linear regression analysis for prediction of increase in GFR 1 month after LVAD implantation. GFR was evaluated as a continuous variable. We estimated the associations of various pre-operative variables with increased GFR (operative time and LVAD settings were also included). Estimates were calculated depicting the change in mean GFR associated with the variable measured before and 1 month after operation. Estimates for continuous variables are for change in mean per unit increase in the evaluated variable. p values Ͻ0.05 were considered significant. TR time was corrected for pulse; RIMP ϭ (TR time Ϫ RV ejection time)/RV ejection time; RVSWI ϭ [0.0136 ϫ (MPAP Ϫ RAP) ϫ stroke volume index]; kidney size was assessed by pre-operative abdominal ultrasound. Scores for prediction of outcomes (Lietz-Miller, Matthews, Kormos) were calculated as previously published. *Categorical predictors were assessed using 1-way analysis of variance. ALT ϭ alanine transaminase; AR ϭ aortic regurgitation; AST ϭ aspartate transaminase; BNP ϭ B-type natriuretic peptide; CI ϭ confidence interval; CRT ϭ cardiac resynchronization therapy; EF ϭ ejection fraction; ICD ϭ implantable cardioverter-defibrillator; LA ϭ left atrial; LDH ϭ lactate dehydrogenase; LVEDD ϭ left ventricular end-diastolic dimension; PA ϭ pulmonary artery; PVR ϭ pulmonary vascular resistance; RA ϭ right atrial; SVR ϭ systemic vascular resistance. Other abbreviations as in Tables 1 to 4. 
